Rainfall-induced landslides in steep soil slopes of volcanic origin are a major threat to human lives and infrastructure. In the context of constructing early warning systems in regions where extensive data on landslide occurrences and associated rainfall are inexistent, physically-based tools offer the possibility to establish thresholds for measurable field quantities. In this paper, a combined finite element infinite slope model is presented to study the transient hydraulic response of volcanic ash slopes to a series of rainfall events and to estimate seasonal safety factors. Furthermore, analytical considerations of partially saturated infinite slopes are made to define capillary stress thresholds for a landslide early warning system.
Introduction
Two rainfall-induced landslides in volcanic ashes, which occurred towards the end of the wet season of 2005, caused material damage and production losses in a quarry situated along the hillslopes of Irazu volcano in Costa Rica. As a consequence of these landslide events, the quarry owner decided to install an early warning system to reduce the landslide risk for the future. Since shallow rainfall-induced landslides are hydraulically-driven firsttime failures, it was decided to include as primary element continuous in situ pore water pressure, water content and rainfall measurements in the early warning system and to add alarm thresholds for those field variables. Due to the absence of information on past landslide events and associated rainfall patterns for the establishment of empirical thresholds, an alternative procedure is presented in this paper to establish thresholds in a preliminary phase and to study the pore water pressure response and safety factors of volcanic ash slopes throughout a rainy season.
Rainfall-induced landslides in steep soil slopes of volcanic origin are common around the world and have caused massive destruction and the loss of lives (Italy [1, 2] ; Hong Kong [3] ; Central America [4] [5] [6] ). In particular, in Central America, the populated areas surrounded by steep volcano slopes are highly vulnerable to rainfall-and earthquake-induced landslides that are triggered in loose volcanic soils. In 2001, the Las Colinas landslide in El Salvador claimed >500 casualties [5] , and in 1998, thousands of landslides were caused by Hurricane Mitch throughout all of Central America with >9000 casualties [7] . In particular, due to the loose structure from the depositional process, narrow grain-size distribution, degree of weathering and collapsibility, failed soil masses from volcanic deposits are often reported to turn into rapid flow slides or debris flows with catastrophic consequences in the runout zones [8] . At the origin, the involved materials are mostly in a state of partial saturation.
In this paper, analytical considerations with an infinite slope model are made to establish preliminary pore water pressure thresholds for partially saturated slopes of variable steepness in the first step. In the second step, a physically-based model that consists of two semi-coupled parts is presented. The first part is a finite element soil column model for the transient analyses of vertical rain infiltration in partially saturated volcanic ash. Based on laboratory results, an empirical relationship that links the volcanic ash coefficient of permeability to the degree of saturation and void ratio is proposed. The latter is shown to have a significant effect on the transient pore water pressure response to rain infiltration. The second part is an infinite slope model for calculating the safety factors in variably saturated soils. This part is coupled to the first part of the model in the sense that the vertical profiles of the pore water pressure and degree of saturation resulting from the transient finite element simulations are used as inputs for calculating the safety factor profiles at each time step. On one hand, the proposed model enables studying the hydraulic response of volcanic ash slopes with different average bulk densities to a series of rainfall events. On the other hand, the transient slope safety factors for the range of considered slope angles provide a quantitative appreciation of the effect of different rainfall patterns on slope stability.
Physically-based approach for the preliminary establishment of early warning thresholds
Physically-based models for slope stability analyses at the catchment scale often and primarily consist of a hydraulic model for calculating the pore water pressure diffusion in an idealised slice of a slope as a function of stationary or transient rainfall input. The hydraulic model is coupled to an infinite slope stability model for the subsequent calculation of slope safety factors [9] [10] [11] [12] [13] . Although this type of model is constrained by its simplified assumptions regarding the hydraulic and mechanical boundary and initial conditions, as well as a rigid body assumption for the mechanical description, it presents the following advantages.
1. The model is a reasonable starting point for cases in which field measurements are not available or the data is of poor quality. This is not the case for empirical methods that rely on extensive landslide occurrence and associated rainfall data for establishing rainfall intensity-duration thresholds. 2. For cases in which planar slope failure surfaces are prevailing, critical pore water pressure or soil water content levels can be calculated at different soil depths and for variable slope angles and soil strength properties. This is of particular interest for the preliminary establishment of pore water pressure thresholds for single slope scale landslide early warning systems for which field measurements are not available. 3. Thresholds that are established with physically-based models are more objective than those established by means of empirical methods. Such thresholds result from general equilibrium considerations, while empirical methods rely mostly on a subjective definition of thresholds, separating rainfall events that lead to landslides from those that do not. 4. For cases in which the hydraulic model accurately reproduces the governing time-dependent subsurface flow processes and planar slope failure surfaces are prevailing, critical rainfall thresholds and actual slope safety factors can systematically be established as a function of local rainfall history and for variable slope angles and soil strength properties. 5. In conjunction with a grid-based Geographic Information System (GIS), a relative susceptibility index can be calculated for each cell unit and assembled in a relative landslide susceptibility map [6, 8, [14] [15] [16] .
The first three above-mentioned points particularly apply in the present case concerning potentially unstable slopes in the mining area of the Irazu volcano and suggest the use of such a physicallybased model type. The hydromechanical behaviour of the involved volcanic ash has been characterised by means of a comprehensive experimental laboratory testing program [17, 18] , thus enabling the use of a physically-based model for seepage and slope stability analyses. Compared to more detailed geomechanical models at the local slope scale [19] [20] [21] , the model described hereafter allows a pragmatic, general exploration of the effects of a series of wet season rainfall events on slope stability as a function of soil hydraulic and strength properties, as well as slope inclination.
General description of the finite element model for seepage analyses
Steep slopes between 35°and 50°in the surrounding area of the quarry are composed of loosely cemented, normally consolidated volcanic air-fall ash deposits or colluvia [22] . The volcanic ash deposits are fairly homogeneous with the presence of very few blocks. Depending on the slope angle, the thickness of the ash cover varies between 5 m and 30 m [22] . For the transient calculation of rain infiltration and pore water pressure diffusion in the volcanic ash deposits, a finite element soil column model is setup as shown in Fig. 1 . The model is constructed using the finite element code LAGAMINE [23, 24] . The model represents a homogeneous, isotropic soil column that is 6 m high, 1 m wide and composed of 10 Â 70 quadrilateral Q8P8 finite elements (8 nodes with quadratic shape functions for solid displacement and pore water pressure). Because the soil cover is shallow, a passive pore air pressure (p a ) that is equal to the atmospheric pressure (p atm ) is assumed.
The mass conservation for the pore fluid is given by the following equation:
where n (-) is the soil porosity, S r (-) represents the degree of sat- 
where [25] . In the absence of pore water pressure measurements, a bilinear hydrostatic-constant negative pore water pressure distribution up to 20 kPa is set as the hydraulic initial condition (Fig. 1) . The pore water pressure at the bottom boundary is fixed at zero to allow the infiltrated water to flow out of the model once it reaches the lower boundary. This enables a transient analysis over the complete wet season but limits the model application to the top-down matric suction loss mechanism because a groundwater table build-up is not simulated.
Rainfall is simulated through the application of a time-dependent water flux at the top boundary. If the soil reaches saturation at the top boundary, the boundary condition switches from a flux to a pressure boundary condition to avoid water ponding at the slope surface. The effects of evapotranspiration are neglected in the present simulations, as they only seem to play a marginal role during a wet season [26] , and the lack of in situ measurements do not justify a more detailed description of the hydraulic processes at this point.
To estimate the temporal rainfall distribution, a characteristic rainfall histogram of a location at comparable altitude and orientation was taken as reference for this analysis (Fig. 2) [27] . Characteristic rainfall events have an approximate duration of 6 h. Over 70% of the total precipitation occurs within the first 2 h, underlining the high intensity and short duration of rainfall in Costa Rica. The hydrological basin of the mining area is very small, which allows considering a uniform rainfall distribution for the area despite the generally high spatial variability of precipitation. The particular character of rainfall is accounted for in the model by distributing the daily rainfall over 6 h in 10-min intervals according to an idealised rainfall pattern, as illustrated in Fig. 2 . This idealised pattern represents a polynomial fit of the characteristic rainfall pattern.
Hydraulic characteristics
A principal concern for analysing the pore water pressure diffusion in partially saturated soils by means of transient numerical simulations is the assessment of the soil water retention behaviour and permeability. In the context of a comprehensive experimental study regarding the hydromechanical behaviour of volcanic ash [17, 18] , a suction-controlled pressure plate apparatus was used to establish the soil water retention curve. The test results in terms of degree of saturation are plotted against matric suction for a target void ratio e = 1.5 in Fig. 3 . The data points indicate a low air entry value (s E ) of approximately 2 kPa, a residual degree of saturation (S res ) of approximately 3% and a steep, sloped curve characteristic for a narrow grain size distribution. In the most general case, the soil water retention curve features a capillary hysteresis combined with a void ratio dependency [28] . In the present case, however, test results for target void ratios in the range 1.35-1.65 showed no significant variations from each other, and volumetric deformations during complete drying paths were limited [17, 18] . The latter S r À s behaviour was also observed under low vertical stresses on ash deposits from southern Italy by Sorbino and Foresta [29] . Additionally, test results along main drying and wetting paths indicated no significant hysteretic effects [17, 18] . As a consequence of these observations, the use of a single soil water retention curve of the Van Genuchten type [30] is justified,
The results of the curve fitting are shown in Fig. 3 , and the numerical values of the model parameters are given in Table 1 . For determining the saturated ash coefficient of permeability in the field, two samples were taken at depths of 0.5 m and 5 m [22] . The saturated coefficients of permeability k sat w are reported to be approximately 2 Â 10 À5 m/s and 2.6 Â 10 À6 m/s for the samples at 0.5 m and 5 m, respectively [22] . Constant head permeability tests conducted in the laboratory on reconstituted samples compacted at different void ratios in a triaxial cell yielded compa- rable results with saturated coefficients of permeability that varied from 10 À4 m/s for a void ratio of e = 1.7 to 8.5 Â 10 À6 m/s for e = 1.1 [17] .
The soil's isotropic coefficient of permeability (k w ) for variably saturated conditions is expressed as
Based on the experimental results, the isotropic, intrinsic permeability of the volcanic ash is expressed as a function of the void ratio (e) by the following empirical relationship:
where K int,0 is the intrinsic, isotropic permeability for a reference void ratio of e ref = 1 and the exponent c k is a fitting parameter. The Brooks and Corey relationship [33] is suitable for expressing the water relative permeability (k r,w ) in the unsaturated range:
In addition, the dependency on the void ratio is accounted for with the exponent c, and
where c l and c m are fitting parameters. The results of the calibrated flow model are superposed to the experimental data in Fig. 4 . The fitting parameters and their values are summarised in Table 1 .
The coefficient of permeability of the soil in the unsaturated range was back-calculated using the transient soil response in terms of the water volume exchange for the time recorded during suctioncontrolled pressure plate tests [17] . The water volume inflow recorded for each matric suction increment was interpreted by applying the method proposed by Kunze and Kirkham [31] , which is a revised formulation of Gardner's analytical solution [32] of Richard's equation for water flow in unsaturated soils, additionally considering the impedance of the ceramic disc. As a result of the suction-controlled oedometer tests, the water relative permeability as a function of the degree of saturation could be determined for different void ratios (Fig. 4) . The experimental data for the water relative permeability varies between 5 Â 10 À6 and 10 À4 m/s. The water relative permeability function in Eq. (8) was fitted over this data range and is assumed valid for higher values of water relative permeability. Notably, for a given degree of saturation variation between 0.3 and 1 for a matric suction in the field between 40 and 0 kPa, the soil's water relative permeability varies accordingly between seven orders of magnitude. The strong variations of permeability in the unsaturated range in conjunction with the steep slope observed in the retention curve favours a saturation of the soil from the top-down during intense rainfall events. However, as shown in Section 4 by means of numerical simulations, the strong dependency of water relative permeability on void ratio yields in significantly different transient hydraulic slope responses.
Slope stability analyses
The results obtained from finite element simulations in terms of vertical profiles of matric suction and degree of saturation are used in the second step to calculate safety factor profiles and their minimum values for different slope angles and given soil strength properties. The volcanic ash is characterised as a cohesionless silty sand (48% sand-size and 50% silt-size fractions) with a friction angle of u 0 ¼ 35:5 [17, 18] . Infinite slope stability analyses [34] are often used in the context of shallow landslides because its key assumptions are adequate enough for in situ conditions (i.e., failure surface running parallel to the ground surface and a very long slope relative to the thickness of an unstable mass) in many cases. The limited depth of the volcanic ash cover on steep slopes favours translational slides. Considering saturated conditions without the flow of groundwater, the factor of safety (FoS) can be written in terms of Terzaghi's effective stress as
Here, s f is the available shear strength of the soil, s m represents the mobilised shear strength, c 0 is the cohesion intercept, r 0 n represents the effective stress normal to the failure plane, c is the soil's total saturated unit weight, b is the slope angle and z represents the considered depth of the Mohr-Coulomb failure plane. For unsaturated soils, Bishop [35] proposed the following single effective stress:
where r is the total stress tensor, 1 is the identity tensor and v (Bishop's parameter) is a factor that accounts for the fluid compressibilities and volume fractions [36] . Based on this effective stress, Bishop and Blight [37] interpreted shear strength data with
where r net,n = r n À p a is the net stress normal to the Mohr-Coulomb failure plane. Amongst others, Schrefler [38] proposed to replace v by S r in Bishop's effective stress (Eq. (11)), which was subsequently designated as the generalised effective stress within the elasto-plastic modelling context of partially saturated soils [36, 39] . Considering this generalised effective stress and the fact that friction angle does not change with matric suction [36] , the critical state line is unique for all saturation states. Thus, Eq. (10) can be rewritten for unsaturated soils as use of the generalised effective stress with v = S r for shear strength prediction is adequate for granular soils and fine granular soils dominated by the capillary effects [40] . This is the case for the present volcanic ash with a residual degree of saturation of only 3%. The chosen generalised effective stress formulation implicitly requires an accurate description of the soil water retention behaviour [36, 39] . With regards to the total stress component, a saturated soil unit weight is often considered to be a conservative, safe option in geotechnical design [41] . However, for a more accurate study of wetting-and drying-induced slope safety factor variations in volcanic ash deposits that present a very low dry unit weight at natural water content (c d = 9.9 kN/m 3 ) [17] , and aside from the changes in effective stresses due to changes in the degree of saturation and matric suction, all of the changes in total stresses that occur due to the added weight of infiltrated water are included. The total unit weight of a variably saturated soil is subsequently calculated in the infinite slope stability model by expressing the average soil unit weight down to depth z as a function of the vertical distribution of degree of saturation and porosity n as
where c s is the solid grain unit weight. For calculating the transient safety factors, the average unit soil weight is computed at each time step (t) from the finite element calculation with
ð2 À n t;i À n t;iÀ1 Þ 2 c s þ ðS r t;i n t;i þ S r t;iÀ1 n t;iÀ1 Þ 2 c w ðjy t;i À y t;iÀ1 jÞ :
Here, c t is the average soil unit weight at time step t, nod is the number of nodes in the finite element mesh combined with the vertical axis from the slope surface down to depth z, n t,i , resp. S r t;i is the interpolated nodal values of porosity, resp. degree of saturation at node i and time step t and |y t,i À y t,iÀ1 | is the vertical distance between nodes i and i + 1. Notably, the values of Gauss point variables are linearly interpolated to nodal values to be consistent with pore water pressures that are computed at the nodes.
Matric suction thresholds for shear failure mechanisms in steep, partially saturated slopes
Preliminary pore water pressure thresholds for different slope angles can be established with Eq. (13). On one hand, these thresholds can be directly used in an early warning system. On the other hand, comparing real-time field measurements with their respective thresholds allows conclusions regarding the predisposition of a slope to fail. These soil field variable thresholds are also a necessary, although not sufficient, component in determining the precursor rainfall events that will most likely trigger a landslide. Introducing the soil water retention curve in Eq. (13) and setting a minimum acceptable safety factor (FoS d ), the equilibrium equation can be solved for matric suction. Assuming that FoS d = 1 and a constant dry, saturated, resp. wet soil unit weight, vertical profiles of critical matric suction levels at different depths can be plotted for different slope angles (Fig. 5) . Due to the noticeable difference in net normal stresses between dry and saturated loose volcanic ash, the critical matric suction levels vary considerably. Obviously, the most conservative option, although potentially inconclusive for steep slope angles, is to consider the curves with a saturated soil unit weight and to define all matric suction levels below as potentially unstable conditions.
Although the product of matric suction and degree of saturation is a strictly monotonically increasing function with matric suction in the present case, two solutions for Eq. (13) exist. Consider the pore pressure parameter (r u ) of
where r v is the vertical total stress. Rewriting the expression for capillary stress (S r s) in unsaturated conditions and for a simplified stress distribution in a soil column yields
Now, Eq. (13) can be rewritten as
For the cohesionless volcanic ash c 0 = 0 and the critical pore pressure parameter (r u,cr ) at limit equilibrium is given by (19) is unique as long as the slope angle remains smaller than a b max of 62°, which is the case in the present study. The counterintuitive observation of decreasing critical pore pressure parameter with increasing slope angle was already reported by Griffiths et al. [42] for a cohesive frictional soil in saturated conditions with a slope parallel groundwater flow and interpreted through a series of finite element simulations on flat and steep slopes. Considering Eqs. (17) and (19) , constructing a stability chart that enables determining the critical level of capillary stress (S r Ás) corresponding to a certain vertical stress (r v ) and slope angle (b) between 36°and 50°i s possible (Fig. 6) . In this sense and combined with the soil water retention curve, the stability chart serves as a solution to provide an early warning system with matric suction thresholds.
Transient pore water pressure response and seasonal safety factors
Seasonal precipitation variations in Costa Rica are characterised by a dry season between December and April and a wet season from May to December. Aside from a common precipitation maximum between June and September, a second maximum often occurs between November and December [43] . During the wet season, rainfall is characterised by small duration and high intensity. The particular quarry under consideration is situated in the forested, low mountain humid zone with evergreen vegetation and is characterised by a relatively low mean annual precipitation between 1800 and 2000 mm. The hydrological settings in the mining area were inferred based on available data from the surrounding areas. Fig. 7 shows the average monthly precipitations between 1951 and 2004 and the monthly cumulative rainfall in 2005 for the mining area [22] . The monthly cumulative rainfall of the Santamaria International Airport near the capital San José and 40 km from the mining site is also plotted. For that station, the daily precipitation data was also available [44, 45] . Compared with the data from the San José region, the cumulative monthly rainfall is significantly higher in the mining area during the wet season of 2005, surpassing the recorded long-term average monthly precipitation. Because the transient finite element simulation of rain infiltration relies on daily rainfall input, the data from the Santamaria International Airport is used; however, the daily values for each month are multiplied by a factor to adjust the cumulative monthly rainfalls to those of the mining area.
Effect of void ratio on transient pore water pressure response
Laboratory results have shown that void ratio changes have a negligible effect on the soil water retention behaviour in the investigated void ratio range between e = 1.1 and e = 1.7 [17] . However, for this void ratio range, a significant dependency of the saturated and unsaturated coefficient of permeability on void ratio was found [17] . The soil water permeability was repeatedly identified as a primary governing factor for rainfall-induced landslides [46] . Because the transient hydraulic response of soil to wetting and drying cycles strongly depends on the soil water permeability, the present simulations are run for reference case A with a void ratio of e = 1.6 corresponding to the void ratio of the recovered samples for laboratory testing, as well as for an additional case B of denser soil (e = 1.2), which is arbitrarily chosen within the investigated void ratio range and which is representative for higher confining stresses of approximately 100 kPa. The water relative permeability functions for both investigated cases are shown in Fig. 8 . For comparison, the curve obtained from the Van Genuchten-Mualem model [30, 47] with the soil water retention parameters from Table 1 is also displayed. While the Van GenuchtenMualem model produces a reduction in water relative permeability by an order of magnitude over the relevant range of degree of saturation, the model implemented here, which fits best the experimental results, produces strong permeability variations of 67 orders of magnitude. For case A and case B, the transient response of the soil to rain infiltration is significantly different depending on its water relative permeability.
A soil cover of 3 m thickness is considered for the safety factor calculations. The infinite slope stability analysis suggests actually that 3-m thick soil covers on steep slopes with a 50°angle are always unstable for matric suction values typical for the wet season. Thus, it is reasonable to limit the safety factor analyses to the first 3 m. The influence of the imposed pore water pressure boundary condition at the bottom of the soil column on the pore water pressure distribution within the first 3 m of soil depth is negligible. Fig. 9, resp. Fig. 10 shows the evolution of matric suction and minimum factor of safety (FoS min ) for different slope angles (b) throughout the wet season from August 1 to December 31 for reference case A, resp. case B at depths varying between 1 and 3 m. The minimum factor of safety at a given time corresponds to the lowest value computed along the vertical soil column profile down to a depth of 3 m. Noticeably, the transient pore water pressure responses differ in terms of magnitude of matric suction loss and delay intervals between rainfall inputs and pore water pressure reactions. While matric suction levels vary between 20 and 12 kPa for case A, more substantial matric suction losses as low as 6 kPa are observed for case B, indicating that the less permeable, partially saturated soil of the latter case requires more time to drain the infiltrated water and subsequently tends to saturate the soil from the top-down.
In case A, the pore water pressure reactions show a delay increasing by 2 days per metre of soil depth with respect to the precursor rainfall event (Fig. 9a) . Matric suctions have a tendency to decrease throughout the wet season. Accordingly, the slope safety factors decrease (Fig. 9b) . Matric suctions tend to re-increase to as low as 3 m in soil depth after 10 days with low rainfall amounts (e.g., day [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, as the soil's water relative permeability decreases again during the drying phase with decreasing degree of saturation (see Eq. (8)), matric suctions are not able to fully re-establish until the beginning of the dry season. As expected, the safety factors follow the same trend.
Contrary to case A, the matric suction fluctuations attenuate with increasing depths in case B (Fig. 10a) . At a depth of 3 m, the matric suctions decrease steadily until mid-September (day 70), when a rapid, substantial decrease is observed. The same evolution is observed for the minimum safety factors (Fig. 10b) . The rapid and strong decrease of matric suctions indicates the presence of a distinct wetting front progressing through the soil layer. Clearly, the accumulation of several rainy days has a strong impact on the pore water pressure response, which is also observed for the reference case. However, because the soil at the reference void ratio is more permeable, the rainfall intensity becomes a more significant variable. In both cases, single rainfall events, such as on October 25 (day 86), have a far smaller impact on the matric suctions and safety factors when compared to equally intense rainfall events preceded by a couple of rainy days (November 7, day 99). For the case of the rainfall event of October 25, the cumulative rainfall of the preceding 10 days amounts only to 38 mm, whereas for the rainfall event of November 7, 140 mm is reached. These results are in agreement with the observations that are reported for the neighbouring country of Nicaragua [48] and volcanic soils in other world regions [49] . Compared to the reference case, the matric suctions re-establish even slower in denser soil as a consequence of the strong decrease in permeability with decreasing degree of saturation, as described by the water relative permeability function.
4.2.
Critical pore water pressure levels and probable depths of failure While matric suction losses in loose, permeable soils (case A) are limited and other than loss of matric suction failure mechanisms are most likely predominant, denser soils (case B), as encountered in old landslide deposits, can present pronounced wetting fronts that decrease matric suctions to critical levels. Matric suctions at critical depths of failure are plotted against their corresponding minimum safety factors for different slope angles in Fig. 11a . Note that one specific data entry in the plots represents a one-time step in the transient analysis. The plot shows as a first result that 3-m thick soil covers remain stable at all times during the wet season of 2005 and for slope angles b 6 40 , while they become unstable for certain matric suction levels and steeper slope angles. The dots are arranged in two distinct clusters of higher (13-20 kPa) and lower (7-10 kPa) critical matric suction levels, which suggest that distinctive depths of potential failure surfaces associated to different characteristics of the rainfall histogram exist. To verify this assumption, the depths of potential failure surfaces are calculated and plotted against their corresponding minimum factors of safety in Fig. 11b and against their corresponding critical matric suction values in Fig. 11c . Notably, the critical depths of failure are arranged in two clusters of which one ranges from 2.4 to 3.1 m and the second concentrates at the lower boundary of approximately 3.1 m. The minimum factor of safety for any slope angle (b) occurs at the lower boundary. Fig. 11c confirms that the critical level clusters of matric suctions are associated to failures at different depths. In particular, the lowest critical levels of matric suctions at approximately 7 kPa are associated to minimum safety factors at variable critical depths. From Fig. 11a and c, the cluster with the lowest safety factors exclusively describes the cases with rapid losses in matric suctions due to the arrival of a distinct wetting front. The cluster with higher critical matric suction levels (13-20 kPa) is associated to the probable failures at the bottom of the ash layer due to a progressive decrease of matric suction and an increase of total stress throughout the wet season. The results in Fig. 11c also indicate that the critical matric suction levels increase with increasing soil depth. However, unless the rainfall intensities are high and the duration is long enough to provoke a marked top-down saturation, the probable failure plane will always occur at the bottom of the ash layer.
Conclusions
A combined finite element and infinite slope approach was used for a systematic study of potential slope failures in volcanic ashes from matric suction losses (top-down mechanism). The slope stability was evaluated considering the changes in capillary stresses (variations in matric suction and degree of saturation) and in total stress due to the weight increase from infiltrated water. The latter is not generally considered in slope stability analyses. However, for shallow volcanic ash covers that typically present high porosities, the total stress variations are non-negligible, as the wide spectrum of matric suction thresholds has demonstrated. The soil column model with its specific boundary conditions is able to represent failure mechanisms that originate from the vertical rain infiltration process. This model is suited for relatively dense soil covers, as encountered in old landslide deposits, for failure mechanisms within the soil cover that originate from relatively intense rainfall with respect to the soil's saturated coefficient of permeability and for cases where the substratum is not particularly less pervious than the soil cover.
For the considered case study, the transient slope stability analyses for the wet season of 2005 allowed studying the hydraulic response of volcanic ash to vertical rain infiltration, its sensitivity to soil dry density and effects on calculated safety factors. A soil cover thickness of 3 m was considered for the safety factor calculations. The following conclusions are drawn from the analyses:
1. Shorter dry periods of less than 10 days are not sufficient for reestablishing the suctions at soil depths of >1 m. As a consequence, the slope stability conditions worsen throughout the wet season. 2. High intensity rainfall events have a particularly negative effect on slope stability if they occur after a couple of days of significant cumulative rainfall. 3. The transient pore water pressure response of volcanic ash depends strongly on the dry soil density. This conclusion is explained by the dependency of the saturated coefficient of permeability and the water relative permeability in unsaturated conditions on the soil dry density. 4. Clusters of critical matric suction levels are associated to potential failures at different depths. For the wet season of 2005, these critical depths are systematically located between 2.4 and 3 m for the assumed void ratio range (e = 1.2-1.6). 5. The critical suction levels for slope stability are most often achieved at the bottom of the volcanic ash cover due to its high permeability. Potential failures within the soil cover are associated to the arrival of particularly marked wetting fronts. Considering the two cases of loose (e = 1.6) and compacted (e = 1.2) volcanic ash and the rainfall intensities of the wet season in 2005, the critical stability conditions within the soil cover occur exclusively in compacted soil.
Analytical considerations of the equilibrium equation for partially saturated infinite slopes lead to the definition of capillary stress thresholds as a function of vertical stress and slope angle. By combining the capillary stress thresholds with the soil water retention curve, it is possible to calculate critical matric suction levels and apply these thresholds to a local early warning system based on vertically distributed borehole instrumentation for matric suction or water content measurements.
